The loop antenna, in common use in the 3-30MHz band, was reassessed in a recent paper in which it was considered as a folded dipole, with suggested theoretical advantages. This paper demonstrates that the two lowest-order modes which exist in small loop antennas correspond to the true loop, otherwise known as the magnetic dipole (zero-order mode) and the folded dipole (first-order mode), and shows their relative amplitudes in a typical case over a representative frequency range.
INTRODUCTION
The loop antenna has been variously described as a magnetic dipole and also as a folded dipole, e.g. by Underhill and Blewett (1) . In this paper these two modes of operation will be identified with the lowest two terms in the Fourier series representing the current distribution round the (circular) loop, that are described in various references e.g. Johnson and Jasik (2) and Lo and Lee (4). The modes have relative amplitudes whose ratio will be presented in a typical case over a representative frequency range. A thorough analysis of the mode series for a circular loop antenna is given in (4), and the expressions given are undoubtedly suitable for use as the basis for a computer code for analysing loop antennas. However, such a code would probably not be embarked on at the present time in view of the widespread availability of moment-method codes: furthermore, the mode coefficients quoted in the reference fail to lend themselves to a ready understanding of the behaviour of the mode amplitudes and phases with changes in frequency.
In the present study the zero-and first-order currentmode amplitudes were established by conventional numerical modelling with a moment-method code, the two mode amplitudes being extracted from the results as functions of frequency. The zero-order mode consists of a current which is constant round the loop, while the first-order has a single wavelength of standing-wave round the circumference, with a reversal of the current phase in the semicircle opposite the feed-point. The constant-current mode leads to the interpretation of the loop as a magnetic dipole, while the first-order mode corresponds to the folded-dipole description. For loops that are a quarter-wavelength or less in circumference the first two terms of the series may be considered sufficient. If the angle 4 is measured from the balanced feed point we take the first two terms and appeal to symmetry to write the loop current as the sum of zero-and first-order modes: z = I , + I , cos Q For very small loops only the zero-order current 10 is significant, whilst for a loop at its lowest seriesresonant frequency, at which the circumference is equal to roughly one wavelength, the first-order current I1 predominates.
The current modes each give rise to radiated fields which may be separately identified and for which analytical expressions are given, allowing the field amplitudes to be directly related to the corresponding current-mode amplitudes. It will be shown that the field amplitudes have in general a different ratio from that of the current amplitudes, and that they vary with frequency in a different way. Also, the radiated-field polar diagrams of the two modes differ. The zeroorder field is maximum and omnidirectional in the plane of the loop, with a null along the loop's axis. On the other hand, the first-order field is bidirectional with its maximum along the loop's axis: in the plane of the loop there is a null along the directions qkk90°.
Details of the relative current mode amplitudes are given below for a representative loop antenna by simulation. The radiated fields resulting from the two current modes are also derived, and their relative amplitudes are plotted.
The use of a tuning capacitor placed in series, at a point on the loop opposite the feed-point, produces some change in the current distribution, but in modes higher than addressed here. The effect is negligible for small loops but becomes more marked for larger loops, for which the upper modes become more significant. The lowest mode that allows unequal current amplitudes at opposite points on the loop is the third: it is assumed here that the loop is sufficiently small for this mode to be insignificant.
RESULTS
The circular loop described in (l), with a diameter of 833"
and a wire diameter of 32mm, was simulated by the NEC4 code (3), using 24 wire segments arranged in a circle. Free-space conditions were assumed, with perfectly conducting wire, and the energy was considered introduced directly into the loop without a coupling loop. Figure 1 shows the loop's input impedance plotted on a Smith chart with a system impedance of 3008. It can be seen that at low frequencies the antenna behaves as an inductor, and that a series resonance occurs just above 120h4Hz, where the circumference is just over a wavelength. An intermediate parallel resonance occurs at about 60MHz. Further results of the simulation in the HF range are given in figure 2. At each frequency the currents both at the feed point and at the opposite point were extracted, and the mode amplitudes derived by noting that at the feed point the total current is Io + I , whilst at the opposite point it is
Io -I,. Figure 2 shows the amplitude of the first-order current relative to that of the zero-order, plotted against frequency expressed in the form of diametedwavelength: the figure can be used as a general curve to assess loops of various sizes in various frequency ranges, but with the 833"-diameter loop used in the study the horizontal axis in the figure corresponds to 1.08-36MHz. The figure is drawn for a ratio of loop diameter to wire diameter of 26: however, with other ratios the result will not differ greatly. It will be seen that the smooth computed curve suggests numerical stability in the computation, and that in general the first-order current is of smaller amplitude than the zero-order at the lower frequencies, as expected.
Before conclusions can be drawn the radiated fields due to the zero-and first-order currents must be compared, because the radiation resistances of the modes differ. The zero-order radiated field from a magnetic dipole is well known and may readily be derived from the general formula given by, for example, (2) .
The far-zone field amplitude, normalized to unit distance, for a loop of radius a is:
where qo is the free-space wave impedance.
For the first-order (dipole) mode, the effective current Thus the radiated field amplitude, normalized to unit distance, is:
It is seen that the field Eo of the zero-order current varies with the square of the loop radius in wavelengths, while E,, that of the first-order current, varies directly with the loop radius in wavelengths. The general effect is to cause the first-order current to produce more radiated field than a zero-order current of equal amplitude, and figure 3 shows the field ratio, computed for the same 833" loop, plotted against frequency, expressed again as diameter in wavelengths. In the figure it is assumed that both mode currents are set to equal amplitude.
In practice the mode current amplitudes are not controlled externally but take relative values as described by figure 2. When this occurs the relative field amplitudes of the two modes are then determinedl by the ratios shown in both figure 2 and figure 3 . The result is given in figure 4 , which shows that the zeroorder field predominates at the lower frequencies but becomes less significant at higher frequencies at the rate of 6dB per octave.
Although electric field amplitudes are treated here, the ratios apply equally to the magnetic field amplitudes, since in the far-field region the E/H ratio for each mode is equal to the free-space wave impedance pot.
USE OF LOOPS AT HF
As an example of the use of a loop antenna in the HF band we consider the 833mm-diameter loop already described, transmitting at 14MHz. Its computed radiation resistance at this frequency is 0.05&2, so that to radiate a power of lOOW the loop requires an RF current of 44A. However, the antenna's ' computed reactance of 16OQ then leads to the rather high terminal voltage of 7kV. Series or parallel tuning would be necessary to isolate the reactance from the driving circuit, and this would lead to a tuned-circuit Q-factor (again ignoring losses) of 3200, and a 3dB bandwidth of 4.4kHz.
The above illustrates the difficulties associated with using small loop antennas for transmitting in the J3F band. However, for certain applications such as nearvertical incidence ( N I ) propagation over ranges up to 400km, the radiated power requirements are modest. In addition, the zero-order mode produces a relatively weak electric field in the near-field region of the antenna, thus reducing the electromagnetic interference (EMI) properties of small loops. In this application, clearly, the loop must be sufficiently small for the zero-order mode to predominate.
In practice the ac resistance of the conductors, and eddy currents induced in the surrounding structures, result in a substantially smaller Q than the lossless value quoted above: this leads to an increase in bandwidth and a reduction in radiation efficiency, both in the same ratio as the reduction in Q-factor. Since eddy-current losses are virtually impossible to predict fori a practical environment, the equivalent lossresistance is best established from a measurement of the Q-factor of the tuned loop. This, together with the loop's radiation resistance and inductance, both of which are readily predicted from standard formulas, allows the performance to be quantified with reasonable accuracy. Another source of loss is any impedance-matching circuit that may be in use.
For receiving, small tuned loops can be very effective because, with proper design, losses in the antenna can be offset against the expected value of external noise, without detriment to the system noise figure. At lower frequencies, with greater external noise levels, this effect allows the loop size in wavelengths to be reduced markedly, so that a lm diameter tuned loop is probably adequate (in the sense that it can hear down to the external noise level) for all frequencies below lMHz, depending on the instantaneous bandwidth required. In addition, the zero-order mode has the advantage of weak coupling to the electric field in the near-field region, and in some cases a loop receiving antenna can provide considerable improvements to the signal to noise ratio when the noise is being generated within a distance of about a 1 0 from the antenna.
CONCLUSIONS
Inspection of figure 2 shows that in the frequency range of interest, the first-order mode current is less than the zero-order by an amount that varies at the rate of 12dB per octave. This is offset by figure 3, which shows that the first-order mode current produces more radiated field, by a ratio that decreases at 6dB per octave. The combined effect, illustrated in figure 4 , is that at low frequencies the radiated field of the zeroorder mode is predominant, but it becomes relatively less significant at the rate of 6dB per octave.
The results show that fields from the two modes are of equal significance at approximately 40MHz for the 833" diameter loop. At 14MHz the first-order contribution to the radiated field is 12 dB less than that of the zero-order, and at 7MHz the zero-order field exceeds the first-order by 18dB.
The above theory was developed purely from considerations of the current in the loop and its external effects, and is independent of practical methods used for feeding and matching the antenna. Thus it applies to untuned loops and parallel-or series-tuned loops, as well as those fed by small coupling loops. Although the paper is directed towards circular loops, little difference is expected in the behaviour of small square loops. In this case, the area of the loop should be equated to that of the equivalent circular loop to allow the results here to be applied.
The results also show that in typical use in the 3-30MHz band the particular loop antenna described of 833" diameter is best considered as a loop rather than a folded dipole. However the folded-dipole mode given prominence by Underhill and Blewett cannot be ignored especially at the higher frequencies. In addition, projects which rely on the accepted properties of a loop antenna used as a magnetic dipole must use loops that are below the size at which the first-order radiation becomes significant: roughly speaking the limit occurs where the loop diameter is U30 (e.g. Im diameter at 1OMHz).
Design of a loop antenna for a specific purpose would nowadays undoubtedly include modelling of the input impedance and radiation pattern by a moment-method modelling code. Nevertheless the understanding of engineering systems is often illuminated by considerations similar to those described here, and they are useful for this reason. 
